Strong light-matter interactions enabled by surface plasmons have given rise to a wide range of photonic, optoelectronic and chemical functionalities. In recent years, the interest in this research area has focused on the quantum regime, aiming to developing ultra-compact nanoscale instruments operating at the single (few) photon(s) level. In this perspective, we provide a general overview of recent experimental and theoretical advances as well as nearfuture challenges towards the design and implementation of plasmon-empowered quantum optical and photo-emitting devices based on the building blocks of nanophotonics technology: metallo-dielectric nanostructures and microscopic light sources.
Introduction Experimental Advances: Nanofabrication and Characterization Challenges
Reducing natural QE lifetimes is imperative for the realization of quantum photon sources with high repetition rates. This is generally done by placing them in a suitable photonic environment with an increased electromagnetic local density-of-states 16, 17, 19 . Clear objectives for future research will be making the best use of the radiative and non-radiative Purcell enhancement accessible in plasmonic cavities 20 and antennae by transferring it into free space 21 or into photonic waveguides [22] [23] [24] [25] so as to significantly exceed the state-of-the-art quantum photon fluxes 26 . A wide range of optical nano-devices (cavities, antennae and waveguides) are sketched in the left panel of Figure 1 . Demonstration of nonlinear single-photon operation is an outstanding challenge 27 , and the incorporation and combination of these plasmonic/photonic structures would represent a major step towards the development of quantum optical networks with high repetition rates.
The right panel of Figure 1 displays some of the items in the current toolbox of quantum light sources: dye molecules, quantum dots, vacancy centers, and transition metal dichalcogenide (TMD) monolayers. The fabrication of these QEs requires different technologies and their performance is subjected to different limitations. Due to their large stability, versatility and room-temperature operation, we anticipate further integration of solid-state single-photon QEs 28 , such as colour centres (NV, SiV, GeV and Sn) in nanodiamonds, defect centers in 2D materials, and nonlinear microcrystals in nanostructured environments. Besides single-photon emitters, entangled photon-pair production in nonlinear crystals is a key resource for optical quantum technologies. Although there is an increasing effort to realize integrated architectures on optical chips 29 , there is so far no demonstration of photon-pair emission from nano-or micro-sized plasmon-enhanced systems.
Many quantum optical applications would benefit from having access to regular trains of single photons with sufficiently high repetition rates, ultimately delivering a flux of ∼ 10 9 photons/s.
Ideally, this flux should be seamlessly coupled to a waveguide, so as to enable waveguide-integrated single-photon sources with large Purcell enhancement ( 10) and efficient QE coupling to the waveguide mode (> 80%). In passing, we note that there can be a practical limit to how large Purcell factor one should strive for; if eventually too large, this could in principle promote the emitting of two photons per pulse, which would naturally be detrimental to single-photon applications 30 . For a detailed analysis of plasmonic environments, including key parameters which constitute a good efficient single photon source, we refer to Refs. 14,19 . We envisage a practical demand for QE integration into a hybrid nanophotonic circuitry, e.g., pumped by an integrated laser diode with a reasonable overall efficiency from the photon emission to its detection (> 50%). Thus, plasmonic circuitry and metallo-dielectric waveguide configurations 31, 32 (examples are shown in the left panel of Figure 1 ) are excellent candidates for ultra-compact single-photon optical sources and switches (possibly at cryogenic temperatures). Theoretical predictions indicate that the large coupling strengths attainable in plasmonic cavities allow not only the survival but also the enhancement of quantum nonlinearities in mesoscopic QE ensembles 33 , well beyond the single-emitter level.
A scientific and technological breakthrough that should be targeted in coming years is the modularization of nanoscale quantum optics circuitry, removing thereby severe roadblocks for accepting quantum light sources for commercial use in emerging photonic technologies. Truly non-classical light sources will need to operate stand-alone and at room temperature, with the typical brightness approaching the regime of nanowatts, i.e., rendering detection with sensitive analog detectors possible. This should be helped by technology platforms that allow merging of passive dielectric and metallic structures with single QEs in a scalable way [34] [35] [36] . Further developments along this road would enable large flexibility in terms of possible quantum photonic networks without specific material constraints, thereby also paving the way for complementarity with existing commercial technology. As an example, using such a platform for nonlinear singlephoton processes that require cryogenic operation (such as switches and logic gates) will imply that only a very small payload has to be eventually cooled. The central panel of Figure 1 highlights two promising avenues enabled by the marriage between QEs and the strong near-fields of plasmonic nanostructures: (i) fast and bright ultra-compact light sources of single and/or entangled photons by spontaneous parametric down-conversion in nonlinear microcrystals 37 , and
(ii) the realization of strong and ultra-strong coupling polaritonic phenomena 38 .
Theoretical Advances: Fundamental Implications and Design Opportunities
One fascinating aspect of light-matter interactions in nanophotonic devices is the potential coexistence and exhibition of quantum phenomena in both the light and matter 14 : the quantum optics associated with light fields in proximity from metallic nanostructures 39 , and the quantum aspects of SPs when being spatially confined to volumes approaching atomic-scale dimensions 40 .
As illustrated in the left panel of Figure 2 , the quest for harvesting the full potential of plasmonics for the generation of non-classical light calls for theoretical methods ranging from ab-initio density-functional theory 41 and quantum corrected electrodynamics 42, 43 to more semi-classical accounts with nonlocal corrections of the classical electromagnetics, which is usually the starting point in state-of-the-art computational photonics. In general, ab-initio descriptions seek to account for the microscopic electronic and atomistic degrees of freedom of the optical cavities [44] [45] [46] .
The quantum-corrected models invoke surface parameters, such as Feibelman parameters 42 or artificial interface layers 43, 47 , to account for surface scattering associated with nonlocal response, quantum spill-out, or the relaxation of charge-transfer tunneling currents in gap structures 40, 48 .
Finally, semi-classical descriptions essentially rely on hydrodynamic equations-of-motion (coupled with Maxwell equations) that account for the induced charge dynamics for a finite compressibility of the quantum electron gas 49 , and possibly also quantum spill-out included in a self-consistent manner 50 .
At the emitter level, we emphasize in the right panel of Figure 2 different models for microscopic light sources beyond the archetypal two-level system for QEs. The subwavelength character of SP resonances give access to features in the QE population dynamics that remain hidden to propagating fields, effectively increasing its complexity and versatility as a light source.
Thus, the large plasmonic spatial gradients yield light-matter interactions beyond the dipole approximation 51 , opening the way towards harvesting and operating with light-forbidden exciton transitions 52 . Similarly, exploiting the SP sensitivity to both light and emitter polarizations, nonreciprocal chiral coupling can be achieved among not only distant but also neighboring QEs 53 .
The ability of SPs to bridge distinct length and energy scales also manifest in their interaction with matter. It has been recently shown that, despite lying at much lower energies than electronic transitions, rovibrational molecular excitations can also be interact strongly with SPs 54 . These findings open new avenues not only for photonic technology, but also for chemical applications 55 .
Finally, the dispersive and propagating nature of excitons in 2D materials also needs to be tackled accurately in the description of polaritonic physics in bidimensional optoelectronic platforms, such as graphene or TMD monolayers 56 .
As illustrated in the central panel of Figure 2 , a wide range of design opportunities for quantum optical devices emerge by exploiting the complexity of highly confined electromagnetic fields and microscopic light sources. Accurate accounts of Purcell enhancement and the further electromagnetic field quantization are central for the description of nanoscale light-matter coupling. In general, this must be done within the framework of macroscopic quantum electrodynamics, which
accounts for the open and lossy nature of both SPs and QEs. In order to reduce the complexity of the master equation governing the density matrix of these systems, the method of quasi-normal mode expansion 57,58 has proven to be a convenient and insightful tool. The extension to also nonlocal hydrodynamic models was done only recently 59 . An effort in quantizing these modes, which would indeed be a major milestone in quantum optics in general, would then allow a proper analysis and understanding of also multi-photon regimes, in the context of both single photon and entangled photon sources. For the multi-photon dynamics, we note the possibility for turning to so-called pseudomodes; while perhaps less intuitive, especially in the continuum regime with overlapping modes, they might be advantageous in cases where common semiclassical approaches fail 60 . In certain geometries, quasi-analytical solutions to Maxwell Equations, such as those ob-tained by transformation optics 61 , can also be employed to calculate key parameters such as the SP-QE coupling strengths or the SP lifetimes.
Outlook
In this article, we have reviewed some of the experimental challenges and design opportunities brought by nanophotonics science and technology when pushed into the quantum optical regime.
On the one hand, despite recent progress, significant advances in current fabrication and characterization techniques will be required in order to control precisely the strong light-matter coupling taking place in hybrid systems comprising plasmons and quantum emitters, as well as to extract and utilize the quantum statistics of the light emerging from them. Beyond the continued use of noble metals, we anticipating new material avenues with more detailed materials processing 2 , while also harvesting from alternatives 3-5 as well as more dilute, tunable semiconductor and 2D-materials systems 6,7 . On the other hand, the deeply subwavelength nature of surface plasmons gives access to material features, both in their supporting metal nanostructures and the nearby microscopic light emitters, that remain hidden to propagating light. In the coming years, much theoretical efforts will focus on the exploitation, for photonic applications, of the novel material degrees of freedom made available in nanoscale quantum optical devices. 
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